Ng LC, Kyle BD, Lennox AR, Shen X-M, Hatton WJ, Hume JR. Cell culture alters Ca 2ϩ entry pathways activated by storedepletion or hypoxia in canine pulmonary arterial smooth muscle cells.
]i) was measured in fura 2-loaded cells. Mn 2ϩ quench of fura 2 signal was performed to study divalent cation entry, and the effects of hypoxia were examined under oxygen tension of 15-18 mmHg. In acutely isolated PASMCs, depletion of IP 3-sensitive Ca 2ϩ stores with cyclopiazonic acid (CPA) did not affect initial caffeine-induced intracellular Ca 2ϩ transients but abolished 5-HT-induced Ca 2ϩ transients. In contrast, CPA significantly reduced caffeine-and 5-HTinduced Ca 2ϩ transients in cultured PASMCs. In cultured PASMCs, store depletion or hypoxia caused a transient followed by a sustained rise in [Ca 2ϩ ] i . The transient rise in [Ca 2ϩ ] i was partially inhibited by nifedipine, whereas the nifedipine-insensitive transient rise in [Ca 2ϩ ]i was inhibited by KB-R7943, a selective inhibitor of reverse mode Na . In addition, store depletion or hypoxia increased the rate of Mn 2ϩ quench of fura 2 fluorescence that was also inhibited by these blockers, exhibiting pharmacological properties characteristic of CCE. We conclude that cell culture of canine PASMCs reorganizes IP3 and ryanodine receptors into a common intracellular Ca 2ϩ compartment, and depletion of this store or hypoxia activates voltage-operated Ca 2ϩ entry, reverse mode NCX, and CCE.
capacitative calcium entry; hypoxia; cultured pulmonary artery smooth muscle cells INTRACELLULAR CA 2ϩ PLAYS an important role in regulating vascular smooth muscle tone. An increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) activates contractile proteins and results in contraction. [Ca 2ϩ ] i can be increased through the release of Ca 2ϩ from the sarcoplasmic reticulum (SR) and Ca 2ϩ entry from extracellular space through voltage-operated Ca 2ϩ channels (VOCCs), receptor-operated channels, or storeoperated channels (SOCs; see Refs. 2, 18, and 27 for review). Recently, Ca 2ϩ entry through SOCs or so-called capacitative Ca 2ϩ entry (CCE) has gained considerable attention in vascular smooth muscle research (1, 9, 22, 37, 47) . This Ca 2ϩ entry pathway is activated in response to Ca 2ϩ release induced by agonists activating receptors coupled to the inositol 1,4,5-trisphosphate (IP 3 )/diacylglycerol signaling pathway or by agents that inhibit the SR Ca 2ϩ -ATPase (SERCA), such as cyclopiazonic acid (CPA) or thapsigargin. In pulmonary arterial smooth muscle cells (PASMCs), several studies have confirmed the existence of CCE and confirmed the expression of several homologs of transient receptor potential (TRP) proteins, putative candidates for SOCs (22, 34, 42, 43, 48) . Recent evidence that hypoxia causes a sustained rise in [Ca 2ϩ ] i through activation of CCE in PASMCs (23, 44) , intact pulmonary arteries (30) , and also in isolated lungs (46) further confirms a significant role of CCE in hypoxic pulmonary vasoconstriction. More recently, accumulation of intracellular Na ϩ as a result of Na ϩ entry through SOCs can reduce Ca 2ϩ extrusion and force Na ϩ /Ca 2ϩ exchanger (NCX) to the reverse mode, leading to Ca 2ϩ entry from the extracellular space (15, 49, 50) . However, the role of reverse-mode NCX in hypoxiainduced rise in [Ca 2ϩ ] i remains to be elucidated. It is well established that vascular smooth muscle cells undergo phenotypic modulation during in vitro culture. They undergo a transition from a contractile phenotype to a proliferative or synthetic phenotype when they proliferate (see Refs. 4 and 25 for review). Unlike freshly isolated cells, vascular smooth muscle cells maintained in culture may lose their ability to contract because of the lower volume fraction of myofilaments and higher proportion of synthetic organelles (4, 25) . These cultured vascular smooth muscle cells with the modified synthetic phenotype resemble cells during response to vascular injury such as atherosclerosis or restenosis (25, 31) . Several studies in rat aortic smooth muscle cells have shown that the expression of L-type Ca 2ϩ channels decreases during the cell culture process (11, 16, 19) . In cultured human PASMCs, although ATP-sensitive K ϩ channels and the properties of these channels in culture are similar to that in other acutely isolated PASMCs from other species, the activity of these channels is suppressed during proliferation (7). In addition, TRPC1 channels were upregulated, and enhanced CCE was observed in human PASMCs during proliferation (13) . Furthermore, although IP 3 receptor expression is maintained (36, 40, 45) , expression of ryanodine receptors and SERCA may be lost during cell proliferation (40) , indicating modifications of SR Ca 2ϩ stores. However, the question of whether cell culture changes the organization of the IP 3 -and ryanodinesensitive Ca 2ϩ stores and alters Ca 2ϩ entry pathways activated by store depletion remains to be demonstrated.
We have previously shown in acutely isolated canine PASMCs that the IP 3 -sensitive and ryanodine-sensitive Ca 2ϩ stores are functionally independent (17) , and depletion of both stores is required to activate CCE (48) . We also found that hypoxia causes mobilization of the intracellular stores leading to the activation of VOCC and CCE in these cells (23) . The aims of the present study were to utilize the same experimental approaches to determine if cell culture modifies SR Ca 2ϩ stores and alters the Ca 2ϩ entry pathways activated by store depletion or hypoxia in cultured canine PASMCs.
MATERIALS AND METHODS
PASMCs isolation and cell culture. PASMCs were isolated from canine pulmonary artery as previously described (48) . Mongrel dogs of either sex were killed with pentobarbital sodium (45 mg/kg iv) and ketamine (15 mg/kg iv), as approved by the University of Nevada at Reno Institutional Care and Use Committee. The heart and lungs were removed en bloc, and the third and fourth branches of the pulmonary artery were dissected in a low-Ca 2ϩ physiological salt solution (PSS) composed of the following (in mM): 125 NaCl, 5.36 KCl, 0.34 Na 2HPO4, 0.44 K2HPO4, 1.2 MgCl2, 11 HEPES, 10 glucose, and 0.05 CaCl2 (pH 7.4 adjusted with Tris). Arteries were cleaned of connective tissue, cut into small pieces, and placed in a tube containing fresh low-Ca 2ϩ PSS. Tissue was immediately digested or cold stored at 5°C for up to 24 h. To disperse cells, pulmonary arterial tissue was incubated with the low-Ca 2ϩ PSS containing (in mg/ml): 0.5 collagenase type XI, 0.04 elastase type IV, and 0.5 BSA (fat free) for 16 -18 h at 5°C. The tissue was then transferred to an enzyme-free, low-Ca 2ϩ PSS and triturated with a fire-polished Pasteur pipette. The resulting dispersed PASMCs were stored at 5°C and used in experiments within 5-8 h or subjected to cell culture as previously described (8) . Freshly dispersed PASMCs were plated on 25-cm 2 cell cultured flasks and incubated with medium 199 cell culture medium containing 10% newborn calf serum (NCS), 2 mM glutamine, 200 U/ml penicillin, and 200 g/ml streptomycin. Cells were incubated in a humidified atmosphere of 5% CO 2 in air at 37°C and grown to 90 -95% confluence. These primary cells were then trypsinized, passaged on a cover slip, and grown to 70 -80% confluence. Confluent cells were then growth arrested in 0.3% NCS medium for 24 h before experimental use.
Morphological and functional comparison between acutely isolated and cultured canine PASMCs. To study the morphological differences between acutely isolated and cultured canine PASMCs, we compare the expression of smooth muscle ␣-actin in these cells using the immunostaining method. The acutely isolated and cultured canine PASMCs were fixed in 4% paraformaldehyde and stained with specific monoclonal antibody raised against smooth muscle ␣-actin (1:300; Sigma, St. Louis, MO). A secondary antibody conjugated with Alexa Flour 488 (1:200; Molecular Probes) was used to display the fluorescence image (excited at 495 nm and emitted at 519 nm). The cells were then mounted in Vectashield mounting medium containing propidium iodide (Vector Laboratories). Propidium iodide was used to stain cell nuclei and was excited at 535 nm and emitted at 615 nm to visualize the cell nuclei. The cells were examined under a Bio-Rad Radiance 2100 inverted laser-scanning confocal microscope with a Nikon Plan-Fluor ϫ40 oil immersion objective. For control experiments, the cells were treated similarly in the absence of primary antibody. To study the functional differences between the acutely isolated and cultured canine PASMCs, the cells were imaged under control conditions and then subjected to 5 min exposure to 10 M 5-HT, a potent pulmonary vasoconstrictor. After exposures of cells to 5-HT, images of these cells were taken again, and the contractility of these cells was then compared between the acutely isolated and cultured canine PASMCs.
Measurement of intracellular Ca 2ϩ .
[Ca 2ϩ ]i was estimated in PASMCs loaded with fura 2-AM (Molecular Probes, Eugene, OR) using a dual excitation digital Ca 2ϩ imaging system (IonOptix, Milton, MA) equipped with an intensified charge-coupled device (CCD) camera as previously described (48) . PASMCs were loaded with 10 M fura 2-AM for 30 min in the dark at room temperature and placed on the cover slip in a 0.2-ml perfusion chamber mounted on an inverted epifluorescence microscope (Nikon) outfitted with a ϫ40 oil immersion objective (NA1.3; Nikon). Cells were then washed several times at 1 ml/min to remove extracellular fura 2-AM with 2 mM Ca 2ϩ -PSS composed of the following (in mM): 113 NaCl, 5 KCl, 1 MgCl, 2 CaCl2, 0.5 NaH2PO4, 24 NaHCO3, and 10 glucose (gassed continuously with 21% O2-5% CO2-74% N2, pH 7.4). Cells were illuminated with a xenon arc lamp at 340 Ϯ 15 and 380 Ϯ 12 nm (Omega Optical, Brattleboro, VT), and emitted light was collected from regions that encompassed single cells with a CCD camera at 510 nm (Nikon). All experiments were performed at 35-37°C, and images were acquired at 1 Hz and stored on compact disk for later analysis. Background fluorescence was collected automatically and subtracted from the acquired fluorescence video images during each experiment. The ratio of fluorescence (R) excited at the two excitation wavelengths was used to estimate [Ca 2ϩ ]i as described by Grynkiewicz et al. (14) :
The values for Sf2 (fluorescence measured at 380 nm in Ca 2ϩ -free solution), Sb2 (fluorescence measured at 380 nm in Ca 2ϩ -saturating conditions), Rmin (minimum ratio), and Rmax (maximum ratio) were determined from in situ calibrations of fura 2 for each cell. The dissociation constant for Ca 2ϩ binding (Kd) was assumed to be 224 nM (14) . To determine Rmin, cells were dialyzed with 4 M ionomycin in Ca 2ϩ -free PSS containing 10 mM EGTA at the end of each experiment. Rmax was determined from cells dialyzed with 4 M ionomycin in PSS containing 10 mM CaCl2.
In experiments where the organization of the SR Ca 2ϩ stores was studied, the experiments were performed in 2 mM Ca 2ϩ -PSS. In experiments where the effects of store depletion were investigated, CPA and brief exposure to 5-HT were used to deplete IP 3-sensitive Ca 2ϩ stores, whereas 10 M ryanodine and brief exposure to caffeine were used to deplete ryanodine-sensitive Ca 2ϩ stores. Both SR Ca 2ϩ stores were maximally depleted by exposure of cells to a cocktail containing 10 M CPA and 10 M ryanodine followed by a 30-s exposure to 10 M 5-HT and 10 mM caffeine in Ca 2ϩ -free solutions as previously described (48) . In the continued presence of CPA and ryanodine, cells were incubated in Ca 2ϩ -free PSS for 10 min followed by reexposure of cells with 2 mM Ca 2ϩ -PSS for another 10 -15 min. Ca 2ϩ -free PSS was identical to 2 mM Ca 2ϩ -PSS but with CaCl2 omitted and 1 mM EGTA added. An elevation in [Ca 2ϩ ]i above basal levels during 2 mM Ca 2ϩ readdition was used as a marker of CCE-mediated extracellular Ca 2ϩ entry. In experiments where the Ca 2ϩ influx through SOCs was studied, the rate of Mn 2ϩ -induced quenching of fura 2 fluorescence was recorded during excitation at 360 nm in nominally Ca 2ϩ -free PSS containing 10 M nifedipine (48). Nominally Ca 2ϩ -free solutions were similar to Ca 2ϩ -free PSS but with EGTA omitted to avoid chelation of Mn 2ϩ . In experiments where the effects of LaCl3 and GdCl3 were studied, a bicarbonate-, EGTA-, and phosphate-free HEPES-PSS was used to avoid precipitation and chelation of La 3ϩ and Gd 3ϩ (30, 34, 43, 44) . In experiments where the effect of hypoxia was investigated, hypoxia was induced by switching normoxic PSS to hypoxic PSS, which continuously superfused the cells in the recording chamber as previously described (23) . Hypoxic PSS was prepared by continuous gassing with uncertified gas mixture containing 95% N 2 and 5% CO2 (Sierra Welding, Sparks, NV). The uncertified gas mixture contained a minimal amount of oxygen, which equilibrated with PSS to avoid exposure of cells to anoxic conditions. All solutions were placed in a water bath at 37°C, saturated with either normoxic or hypoxic gas mixtures for at least 30 min before the start of perfusion, and maintained at pH 7.4. The PO 2, measured in preliminary experiments with an O2-sensitive electrode (MI-730; Microelectrodes, Bedford, NH), was 145 Ϯ 1 mmHg during normoxic PSS perfusion and fell to 15 Ϯ 1 mmHg within 79 Ϯ 2 s of hypoxic exposure. The PO 2 of hypoxic solutions was measured at the end of each experiment and was found to be 15-18 mmHg, ensuring that the PO 2 did not approach anoxia during recording of each experiment.
Drug solutions and data analysis. CPA, KB-R7943, nifedipine, and ionomycin were dissolved in dimethyl sulfoxide. Other drugs were dissolved in deionized water. Data are expressed as means Ϯ SE of n acutely isolated or cultured cells from at least three dogs. Statistical comparisons employed Student's paired or unpaired t-tests or oneway ANOVA with Tukey's pairwise comparison as appropriate. A value of P Ͻ 0.05 was considered significant.
RESULTS
Cell culture alters the expression of smooth muscle ␣-actin and the contractile function in canine PASMCs. To study if cell culture causes morphological changes in canine PASMCs, we compared the expression of smooth muscle ␣-actin in acutely isolated and cultured PASMCs. We found that the expression of ␣-actin in acutely isolated cells (Fig. 1A) was significantly higher than in cultured cells (Fig. 1B) . To determine if the loss of ␣-actin during cell culture correlates with the loss in smooth muscle cell contractile function, we compared the effects of 5-HT in acutely isolated and cultured canine PASMCs. Figure  1C shows the relaxed acutely isolated cells before administration of 5-HT, and most cells were contracted following exposure to 10 M of 5-HT (Fig. 1D) . In contrast, exposure of cultured cells to 10 M of 5-HT produced only little or no contraction (Fig. 1F ) compared with the control (Fig. 1E) .
Cell culture modifies IP 3 (12, 26, 32, 35, 38, 41) . To study if cell culture modifies IP 3 -sensitive and ryanodine-sensitive Ca 2ϩ stores, we compared the effects of CPA in acutely isolated and cultured PASMCs exposed to 2 mM Ca 2ϩ -PSS (Fig. 2) . In acutely isolated PASMCs ( Fig. 2A) , 10 M CPA caused only a small transient rise in [Ca 2ϩ ] i , 71 Ϯ 7 nM (⌬R ϭ 0.070 Ϯ 0.004, n ϭ 373) above baseline (dotted line). In contrast, CPA caused a significantly higher transient rise in [Ca 2ϩ ] i in cultured PASMCs, 251 Ϯ 16 nM (⌬R ϭ 0.21 Ϯ 0.01, n ϭ 657, P Ͻ 0.01) above baseline (Fig. 2B) . To study the organization of intracellular Ca 2ϩ stores, the effects of caffeine and 5-HT were compared in acutely isolated and cultured PASMCs exposed to 2 mM Ca 2ϩ -PSS, where the IP 3 -sensitive Ca 2ϩ stores were predepleted by CPA (Fig. 2, C-F) . In acutely isolated PASMCs, brief exposures to 10 mM caffeine and 10 M 5-HT elicited a transient rise in [Ca 2ϩ ] i , 78 Ϯ 12 nM (⌬R ϭ 0.08 Ϯ 0.01, n ϭ 97) and 145 Ϯ 41 nM (⌬R ϭ 0.12 Ϯ 0.02, n ϭ 73) above baseline, indicating Ca 2ϩ release from the ryanodinesensitive and IP 3 -sensitive Ca 2ϩ stores, respectively (Fig. 2, C  and D) . After washout of caffeine and 5-HT, cells were exposed to 10 M CPA to deplete IP 3 -sensitive Ca 2ϩ stores. In the continued presence of CPA, brief application of 10 mM caffeine evoked an initial Ca 2ϩ transient of 64 Ϯ 13 nM (⌬R ϭ 0.07 Ϯ 0.01, n ϭ 53) that was not significantly different from the control (Fig. 2, C and D) . The second caffeine-induced Ca 2ϩ transient was smaller than the control, 31 Ϯ 13 nM (⌬R ϭ 0.03 Ϯ 0.01, n ϭ 53, P Ͻ 0.01) above baseline (Fig. 2,  C and D) . Exposures to 10 M 5-HT in the presence of CPA elicited significantly smaller Ca 2ϩ transients compared with the control (Fig. 2, C and D) ; the first response to 5-HT was 17 Ϯ 3 nM (⌬R ϭ 0.015 Ϯ 0.003, n ϭ 75, P Ͻ 0.01), and the second response was only 10 Ϯ 2 nM (⌬R ϭ 0.011 Ϯ 0.002, n ϭ 75, P Ͻ 0.01) above baseline. These data confirm that IP 3 -sensitive and ryanodine-sensitive Ca 2ϩ stores are functionally independent in acutely isolated canine PASMCs (17) .
In cultured canine PASMCs, brief exposures to 10 mM caffeine and 10 M 5-HT elicited a transient rise in [Ca 2ϩ ] i , 84 Ϯ 12 nM (⌬R ϭ 0.063 Ϯ 0.004, n ϭ 197) and 488 Ϯ 114 nM (⌬R ϭ 0.22 Ϯ 0.02, n ϭ 136) above baseline, respectively (Fig. 2, E and F) . After washout of caffeine and 5-HT, cells were exposed to 10 M CPA. In the continued presence of CPA, brief applications of 10 mM caffeine evoked Ca 2ϩ transients that were significantly smaller than the control (Fig.  2, E and F (Fig. 2, E and F) 
] i , 77 Ϯ 13 nM (⌬R ϭ 0.06 Ϯ 0.01) above basal levels (n ϭ 115, P Ͻ 0.01; Fig. 3, A and C) , which decayed slowly to the baseline. Figure 3B ] i to 213 Ϯ 11 nM (⌬R ϭ 0.15 Ϯ 0.01, n ϭ 347, P Ͻ 0.01; Fig. 3, B and D) , a concentration (10 M) causing maximal inhibition of these channels in canine PASMCs (10). However, nifedipine did not affect the sustained rise in [Ca 2ϩ ] i (Fig. 3, B and D) . To determine if the dihydropyridine-insensitive components involve Ca 2ϩ entry through reverse-mode NCX, we tested the effect of KB-R7943 on store depletion-activated rise in [Ca 2ϩ ] i in the presence of 10 M nifedipine (Fig. 4, A and B) . We found that 10 and 50 M KB-R7943 significantly reduced the nifedipine-insensitive transient but not the sustained rise in [Ca 2ϩ ] i , from 213 Ϯ 11 nM (⌬R ϭ 0.15 Ϯ 0.01, n ϭ 347) to 168 Ϯ 13 nM (⌬R ϭ 0.11 Ϯ 0.01, n ϭ 56, P Ͻ 0.01) and 78 Ϯ 13 nM (⌬R ϭ 0.053 Ϯ 0.03, n ϭ 43, P Ͻ 0.01), respectively. To determine if the dihydropyridine-insensitive sustained component activated by store depletion involved CCE, its sensitivity to known blockers of SOCs [Ni 2ϩ , La 3ϩ , Gd 3ϩ , and SKF-96365 (27) ] was tested in the presence of 10 M nifedipine (Fig. 4, C and D) . Figure 4D shows that 50 M SKF-96365 (n ϭ 41), 500 M Ni 2ϩ (n ϭ 15), 100 M La 3ϩ (n ϭ 50), and 100 M Gd 3ϩ (n ϭ 38) abolished the nifedipine-insensitive sustained rise in [Ca 2ϩ ] i (P Ͻ 0.01) . These data are in contrast with the store depletion-induced rise in [Ca 2ϩ ] i in acutely isolated cells, which was previously shown to involve only CCE (48) .
Depletion of IP 3 -sensitive or ryanodine-sensitive stores alone causes activation of CCE in cultured canine PASMCs.
To determine if store depletion increases [Ca 2ϩ ] i by recruiting a Ca 2ϩ influx pathway similar to CCE, the effect of store depletion on Mn 2ϩ quench of fura 2 fluorescence was tested in the presence of 10 M nifedipine, as described previously (48) . Figure 5A shows the fluorescence intensity recorded at an excitation wavelength of 360 nm in a single PASMC. Removal of extracellular Ca 2ϩ did not cause any decline in fluorescence intensity. The addition of 30 M MnCl 2 in the presence of nifedipine caused the fluorescence to decline slightly. Subsequent depletion of both IP 3 -sensitive and ryanodine-sensitive Ca 2ϩ stores resulted in a marked 142 Ϯ 7% increase in the rate of decline [from 0.067 Ϯ 0.003 arbitrary units (AU)/s to 0.162 Ϯ 0.006 AU/s, n ϭ 148, P Ͻ 0.01], corresponding to enhanced Mn 2ϩ quench of fura 2 indicative of store depletionactivated Ca 2ϩ entry (48) . Because IP 3 and ryanodine receptors may be localized in the same intracellular Ca 2ϩ compartment in cultured PASMCs (see Fig. 2 ), we next investigated whether independent activation of IP 3 receptors in the presence of CPA or ryanodine receptors in the presence of ryanodine would elicit store depletion sufficient to activate CCE using the same experimental approach. Figure 5B shows that addition of 10 M CPA and brief exposures to 10 M 5-HT resulted in a 62 Ϯ 5% increase in the rate of decline of fluorescence intensity (from 0.082 Ϯ 0.003 to 0.133 Ϯ 0.003 AU/s, n ϭ 228, P Ͻ 0.01). Similarly, 10 M ryanodine and brief exposures to 10 mM caffeine increased the rate of quench by 74 Ϯ 7% (from 0.072 Ϯ 0.003 to 0.125 Ϯ 0.003 AU/s, n ϭ 166, P Ͻ 0.01; Fig. 5C ). This result is in marked contrast to acutely isolated PASMCs, where simultaneous depletion of the separate IP 3 -sensitive and ryanodine-sensitive Ca 2ϩ stores is required to increase the rate of Mn 2ϩ quench of fura 2 (i.e., CCE; see Ref. 48 ). The pharmacology of the store depletion-acti- vated Ca 2ϩ entry was further studied by testing the effects of known blockers of SOCs on Mn 2ϩ quench of fura 2. Figure 5D shows that Ni 2ϩ , SKF-96365, La 3ϩ , and Gd 3ϩ inhibited store depletion-activated Mn 2ϩ quench of fura 2 from 142 Ϯ 7% (n ϭ 148) to 15 Ϯ 7% (n ϭ 67), 13 Ϯ 4% (n ϭ 92), 14 Ϯ 5% (n ϭ 67), and 18 Ϯ 5% (n ϭ 49), respectively (P Ͻ 0.01).
Hypoxia causes activation of VOCC, reverse-mode NCX, and CCE in cultured canine PASMCs. When applied in Ca 2ϩ -free solution, hypoxia caused a transient increase in [Ca 2ϩ ] i in cultured canine PASMCs indicative of Ca 2ϩ release from the intracellular stores (Fig. 6B) . The transient rise in [Ca 2ϩ ] i decayed slowly to a mean level (25 Ϯ 3 nM, R ϭ 0.64 Ϯ 0.02, n ϭ 136, P Ͻ 0.01) below baseline (117 Ϯ 7 nM, R ϭ 0.94 Ϯ 0.02). Subsequent addition of 2 mM Ca 2ϩ in hypoxia elicited a significant transient rise in [Ca 2ϩ ] i (128 Ϯ 9 nM, ⌬R ϭ 0.30 Ϯ 0.02) followed by a sustained rise in [Ca 2ϩ ] i (48 Ϯ 6 nM, ⌬R ϭ 0.13 Ϯ 0.01) above basal levels (n ϭ 136, P Ͻ 0.01; Fig. 6, B and C) . In control experiments, cells were exposed to normoxic solutions throughout the protocol (Fig. 6A) ] i to 90 Ϯ 3 nM (⌬R ϭ 0.27 Ϯ 0.01, n ϭ 338, P Ͻ 0.01; Fig. 6, B and D) . However, nifedipine did not affect the sustained rise in [Ca 2ϩ ] i (Fig. 6, B and D) .
To test if the dihydropyridine-insensitive components may involve Ca 2ϩ entry through the reverse-mode NCX, we tested the effect of KB-R7943 on the hypoxia-induced rise in [Ca 2ϩ ] i in the presence of 10 M nifedipine (Fig. 7, A and B) . We found that 10 and 50 M KB-R7943 significantly reduced the nifedipine-insensitive transient but not the sustained rise in [Ca 2ϩ ] i , from 90 Ϯ 3 nM (⌬R ϭ 0.27 Ϯ 0.01, n ϭ 338, P Ͻ 0.05) to 75 Ϯ 6 nM (⌬R ϭ 0.22 Ϯ 0.01, n ϭ 65) and 58 Ϯ 3 nM (⌬R ϭ 0.17 Ϯ 0.01, n ϭ 43, P Ͻ 0.01), respectively. To determine if the dihydropyridine-insensitive sustained component activated by hypoxia involved CCE, its sensitivity to known blockers of SOCs was tested in the presence of 10 M nifedipine (Fig. 7, C and D) . Figure 7D shows that 50 M SKF-96365 (n ϭ 84), 500 M Ni 2ϩ (n ϭ 102), 100 M La 3ϩ (n ϭ 80), and 100 M Gd 3ϩ (n ϭ 133) abolished the nifedipine-insensitive sustained rise in [Ca 2ϩ ] i (P Ͻ 0.01) . These data are in contrast to the hypoxia-induced rise in [Ca 2ϩ ] i in acutely isolated cells, which was previously shown to involve only VOCCs and CCE (23) .
To determine if hypoxia increases [Ca 2ϩ ] i by recruiting a Ca 2ϩ influx pathway similar to CCE, the effect of hypoxia on Mn 2ϩ quench of fura 2 fluorescence was tested in the presence of 10 M nifedipine as described previously (23) . Figure 8A shows that hypoxia caused a marked 142 Ϯ 12% (from 0.016 Ϯ 0.001 to 0.039 Ϯ 0.001 AU/s, n ϭ 112, P Ͻ 0.01) increase in Mn 2ϩ quench of fura 2 in the presence of nifedipine compared with the rate before hypoxic exposure, indicating hypoxia activation of a nifedipine-insensitive Ca 2ϩ entry pathway. Figure 8B shows that SOC blockers Ni 2ϩ (n ϭ 35), SKF-96365 (n ϭ 27), La 3ϩ (n ϭ 70), and Gd 3ϩ (n ϭ 65) abolished hypoxia-activated Mn 2ϩ quench of fura 2 (P Ͻ 0.01).
DISCUSSION
The present study began with the investigation of morphological and functional differences between acutely isolated and cultured canine PASMCs. We found that culture of canine PASMCs results in a loss of smooth muscle ␣-actin, which reduces their ability to contract (see Fig. 1 ). This is consistent with the well-established fact that vascular smooth muscle cells undergo phenotypic modulation during cell culture, from a contractile phenotype to a synthetic phenotype (see Refs. 4 and 25 for review). Under these conditions, we examined and compared the functional organization of SR Ca 2ϩ stores and the store depletion and hypoxia-activated Ca 2ϩ entry pathways between cultured canine PASMCs and acutely isolated PASMCs. We previously found in acutely isolated canine PASMCs that the IP 3 -and ryanodine-sensitive Ca 2ϩ stores are functionally independent (17) . In the present study, using similar pharmacological agents and experimental approaches, we found that the cultured cells have higher basal Ca 2ϩ leak since CPA, a Ca 2ϩ -ATPase inhibitor, applied alone caused a higher rise in [Ca 2ϩ ] i than that in acutely isolated cells (Fig. 2,  A and B) . There is also a possibility that the cultured canine PASMCs have a higher Ca 2ϩ content in the SR Ca 2ϩ stores as a result of reorganization of IP 3 -and ryanodine-sensitive Ca 2ϩ stores into a common larger Ca 2ϩ compartment, which gives rise to greater Ca 2ϩ release with CPA and 5-HT (Fig. 2, D and F) compared with the acutely isolated cells. Furthermore, predepletion of IP 3 -sensitive stores did not affect initial caffeine-induced Ca 2ϩ release in acutely isolated cells (Fig. 2 , C and D) but reduced the initial caffeine-induced Ca 2ϩ release in cultured cells (Fig. 2, E and F) . These findings confirm that cell culture modified the IP 3 -and ryanodine-sensitive Ca 2ϩ stores in canine PASMCs, with the stores being reorganized into a common Ca 2ϩ compartment. Under these conditions, depletion of IP 3 -sensitive Ca 2ϩ stores or ryanodine-sensitive Ca 2ϩ stores alone or together was sufficient to activate CCE (Fig. 5) . This is in contrast to acutely isolated cells in which the stores are independent and exhibit lower basal Ca 2ϩ leak, and CCE activation requires simultaneous depletion of both stores (48) . A common Ca 2ϩ store has also been reported in canine renal arterial smooth muscle cells (48) The modification of the IP 3 -sensitive and ryanodine-sensitive Ca 2ϩ stores found in the present study may be explained by cell proliferation during cell culture. Several studies have shown that cell proliferation affects the expression levels and functions of IP 3 receptors (6, 36) and ryanodine receptors (20, 36, 40) in cultured vascular smooth muscle cells. In spontaneous hypertensive rat aorta myocytes, the ryanodine-sensitive Ca 2ϩ stores and thapsigargin-sensitive Ca 2ϩ stores were impaired in proliferating cultures (6) . In addition, proliferation of rat arterial smooth muscle cells, induced by serum or growth factor, resulted in the disappearance of ryanodine receptors and SERCA2a and in the loss of the caffeine-and ryanodinesensitive Ca 2ϩ stores (40) . However, the expression of ryanodine receptors and SERCA2a was maintained in low-serum, nonproliferative conditions (40) . A similar study in rat cultured aorta smooth muscle cells showed that caffeine-induced Ca 2ϩ release was reduced in the proliferating phase, but growth arresting the cells in serum-free medium restored the sensitivity of cells to caffeine (20) . Hence, perhaps the functionally separated IP 3 and ryanodine receptors in acutely isolated canine PASMCs disappear during the cell culture proliferative state, and, when the cells were subjected to subculture and growth arrested in low-serum medium, the receptors reappear but are reorganized into a single compartment.
In our previous study, store depletion activated only CCE (48), whereas hypoxia activated VOCCs and CCE in acutely isolated canine PASMCs (23 ] i was activated after readmission of 2 mM Ca 2ϩ , which was partially inhibited by 10 M nifedipine (Figs. 3B and 6B) , suggesting that the Ca 2ϩ entry process was mediated at least in part through VOCCs. This is also known to occur in cultured rat PASMCs (21) . The opening of VOCCs may be because of Ca 2ϩ inhibition of voltage-gated K ϩ channels, leading to membrane depolarization and subsequent activation of VOCCs (29) . It is also possible that Ca 2ϩ release from stores may activate Ca 2ϩ -dependent Cl Ϫ channels, leading to membrane depolarization and hence activation of VOCCs (5, 22) . The latter mechanism may be more apparent in cultured canine PASMCs because VOCCs are activated in cultured cells but not in acutely isolated cells. This could be explained by the possibility that, during cell culture, IP 3 -and ryanodine-sensitive Ca 2ϩ stores are reorganized into a common compartment that has a higher Ca 2ϩ content as described above. It is very likely that the higher rise in [Ca 2ϩ ] i induced by store depletion in cultured cells causes increased opening of Ca 2ϩ -activated chloride channels, leading to more depolarization of membrane potential, hence more VOCC activation.
The because activation of reverse-mode NCX by store depletion or hypoxia has not been reported in acutely isolated pulmonary artery preparations (e.g., Refs. 22, 23, 30, 44, 48) . It is very likely that NCX is upregulated during cell culture (50) and thereby contributes to the enhanced Ca 2ϩ entry after cells are subjected to store depletion or hypoxia. Thus store depletion or hypoxia causes activation of store-operated nonselective cation channels, leading to Na ϩ and Ca 2ϩ entry. The resultant increase in intracellular Na ϩ concentration may activate the operation of NCX in the reverse mode and subsequently cause more Ca 2ϩ entry from the extracellular space. A similar finding is recently reported in human cultured PASMCs (49, 50) and tracheal smooth muscle cells (15) . This pharmacological property is similar to CCE, as previously described (30, 34, 43, 44) . In addition, store depletion or hypoxia accelerated Mn 2ϩ quench of fura 2 fluorescence at a rate similar to that found for store depletion-activated Mn 2ϩ entry in acutely isolated canine PASMCs (23, 48) . Furthermore, the increases in fura 2 quench rates induced by store depletion or hypoxia in cultured canine PASMCs were both inhibited by SKF-96365, Ni 2ϩ , La 3ϩ , and Gd 3ϩ , confirming that the dihydropyridine-insensitive rise in [Ca 2ϩ ] i was mediated through a pathway similar to CCE. It is noteworthy that Mn 2ϩ is also known to be a putative blocker of NCX (10, 39, see Ref. 3 for review). Thus we do not examine the effects of KB-R7943 on Mn 2ϩ quench rate because it is unlikely that Mn 2ϩ can enter the cytosol through NCX to quench fura 2 fluorescence. Therefore, the increase in Mn 2ϩ quench rate induced by store depletion (Fig. 5) or hypoxia (Fig. 8) is because of Mn 2ϩ entry through SOCs and not NCX. The pharmacological properties of CCE in cultured canine PASMCs described here are identical to those of CCE in acutely isolated canine PASMCs, when experiments were performed in phosphate-free HEPES-PSS (data not shown). These properties of CCE are consistent with other studies reported by Robertson et al. (30) , Snetkov et al. (34) , and Wang et al. (43, 44) in pulmonary arteries.
In conclusion, our present study provides the first direct evidence that cell culture modifies intracellular Ca 2ϩ stores, in which the IP 3 and ryanodine receptors are possibly reorganized in the same intracellular Ca 2ϩ compartment in canine PASMCs and depletion of this store activates VOCCs, reverse-mode NCX, and CCE. The recruitment of these Ca 2ϩ entry pathways may be important for PASMC proliferation during cell culture and a trigger for hypoxic pulmonary vasoconstriction. However, the molecular signals that cause the changes in cell phenotype during cell culture remain to be elucidated. Our present findings in cultured PASMCs may serve as an important pathophysiological model to study pulmonary vascular diseases, and the molecular signals that cause the changes in cell phenotype may be useful targets for the development of new drugs to treat pulmonary hypertension.
